A mathematical model of a spinning disk atomizer (SDA) was developed to produce glass beads from high-temperature molten slag. The model comprises three parts: 1) fluid flow model of molten slag on the spinning disk, 2) physical model of ligament formation of slag, and 3) heat transfer model of slag drops dispersed from the ligament. First, a 2-D fluid flow model was developed to evaluate the film thickness of slag at the edge of the disk and was calculated using the scalar equation method (SEM). Next, the number and diameter of the ligaments formed were evaluated using the physical model. Finally, the heat transfer model was employed to evaluate the quenching rate and temperature distribution within the drop. The model developed was experimentally validated by comparing the calculated and observed values that were in good agreement. Most significantly, the model also estimated the quenching rate required for slag vitrification.
Introduction
To simultaneously produce a useful slag and recover the waste heat from molten slag, a series of processes have been proposed to produce granulate slag using a spinning disk atomizer (SDA). 1) In this process, a mixture of methane and steam is impinged on the dispersed slag to produce hydrogen by an endothermic methane-steam reforming reaction, using the sensible/latent heat from the molten slag, in which granulated slag is produced simultaneously. In a preliminary study, a cold model experiment was carried out using water instead of molten slag.
2) Further, a dry granulated slag has been succesfully produced using SDA and the relationships among the disk/cup diameter, rotating speed, slag feed rate, and particle diameter were experimentally studied. However, despite its engineering significance, the phenomena of the slag granulation using SDA and the heat transfer behavior in the particle have not yet been theoretically elucidated.
SDA Technology is well-known and is mainly applied in the chemical, food, and metallurgical industries. With regard to the mechanism of slag granulation, several literatures have proposed theoretical formulas to evaluate the particle diameter of the drops granulated from the rotary atomizer. [3] [4] [5] [6] [7] Fraser was the first to propose an empirical formula to predict the diameter of the drops obtained from the rotary disk experiment, using oil. Other researchers have proposed equations for different mediums such as water or liquids with a low viscosity. All these empirical formulas were largely based on one aspect of the operating parameter. In other words, they were derived from a conventional, dimensionless analysis. However, the mechanism of granulation that depends on the device design and the physical properties of the molten slag with very high viscosity is obviously different from that reported in previous studies. Therefore, the objective of this study is to develop a comprehensive model using SDA through experimental observation of the slag granulation process. That is, the mechanism of slag granulation was first observed experimentally using a high-speed video camera and was then used as the basis of this model, in which the influence of the rotating speed of the disk on the diameter of slag was mainly examined for validation. In this model, an unsteady state heat transfer analysis of a single slag particle is also carried out to predict its cooling rate and the temperature distribution within the particle during the cooling process. This will provide important information on whether the slag is vitrified or not. The granulated slag, produced by quenching the molten slag, has properties of glass and can be used as a raw material in cement production.
Model Overview
The model is developed based on the careful observation of the granulation phenomena during the experiment. Figure 1 shows a schematic diagram of the experimental apparatus. The molten slag was placed in an induction furnace. After melting, the temperature of the molten slag was maintained at 1700 K. The molten slag was poured onto the spinning disk that was rotated by a motor at the base. The flow of slag followed the gravity force before contact with the disk surface and then sprayed out to become granulate. The experiment was observed using a high-speed video camera. The granulated slag was collected on a particle collecting sheet. Figure 2 shows the photographs of the molten slag flow on the edge of the SDA disk. These images reveal that the granulation process of the molten slag started out as a thin film flowing from the discharged slag on the center of the SDA disk during rotation. Then, the film sprayed out of the disk due to centrifugal force to form a number of ligaments. Finally, the ligaments broke off to become granulates and were cooled while falling, as shown in Fig. 3 . Therefore, a comprehensive granulation model was constructed according to these three modes-thin film, ligament, and drop formation. Figure 4 shows the flowsheet of the model proposed in this research. This model first evaluates the physical and chemical properties of the slag and calculates the film thickness on the disk edge using the scalar equation method (SEM), 8) followed by calculating the number of ligaments. It then applies a combination of Kitamura and Weber equations to calculate the particle diameter based on the film thickness obtained. Finally, the temperature change of the slag particles is analyzed according to the transient heat transfer analysis of a single particle as proposed by Akiyama.
9)
3. Governing Equations 3.1 Fluid flow model of a thin film of slag on the rotating disk The phenomena on the disk were assumed as a two dimensional coordinates system of an axial symmetrical cylinder. To obtain the numerical solution, a non-uniform computational mesh was used in finite differential equations based on SEM with appropriate initial and boundary conditions. As shown in Fig. 5 , a 100 Â 70 Â 10 grid was constructed for the numerical analysis. Attention was focused on the area above the disk surface. A fine grid was made at above the rotating disk, in which the molten slag flows from the center to the disk edge, and its behavior was analyzed.
The partial differential equations used to describe the liquid flow are the momentum and continuity equations. The variables to be computed are the volume fraction, slag flow rate, viscosity, rotating speed, and cup diameter. This model is developed based on the kinetic theory, at constant properties and under transient conditions, as shown by the following equations.
Equations (1) and (2) represent the momentum or motion in x, y directions and S x;y is the momentum source. The above equations for the conservation of momentum should be supplemented with the continuity equation for incompressible flow as given below:
The SEM is used to calculate the fluid properties. In this method, density and viscosity are deduced from the values of variable È, as shown in eq. (4)
where, È is a conserved scalar that has initial values of zero in one fluid (air) and unity in the other fluid (slag). The calculation of fluid properties is shown in the following equations:
Van Leer equation of the finite difference method is used to solve the convection terms in the È equation which is expressed as follows. 10) Consider a value to be calculated, È e , of the variable È is transported across the ''e-direction'' face of the cell when the flow velocity is u e . According to the ''fully implicit upwind'' formula, the solution is:
Input slag Rotating disk

Disk radius Center
Fine grid Disk lip 
where, È P and È E are the values of È at the grid nodes at the end of the time step. The van Leer approach takes note of the fact that È e must vary with time and indeed, with local gradients of È.
The formulas of the k-" turbulent model are given below:
Here, K E is the turbulent kinetic energy, Prt is turbulent Prandtl number, G b is buoyancy and E P is the dissipation rate. With the boundary condition of the disk surface, the kinematic turbulent viscosity, t and the length scale, l are given as follows:
The The buoyancy product, G b is less than 0 for stably stratified layers; therefore, K E is reduced and turbulence is damped. In the case of unstably stratified layers, G b is positive and turbulence is augmented. The constant C 3e has been found to depend on the flow condition. It should be close to zero for stably stratified flow, and close to 1.0 for unstably stratified flows. These systems are solved using the SIMPLEST algorithm of a computer program.
Physical model of ligament formation
A simple physical model based on a material balance was used for evaluating the number and diameter of the ligaments formed. That is, we assumed that all the slag reformed from the rotating disk changed into several ligaments with the same diameter. The number of the ligaments around the disk, K, was estimated using Kitamura's eqs. (13) to (15) under the operation conditions; additionally, the physical properties of the liquid slag and then the film thickness were also calculated. Accordingly, by substituting eq. (16) in (17) we can calculate the nozzle diameter, D e . Finally, the drop diameter from the liquid pillar was calculated by Weber's eq. (17) using the predicted nozzle diameter. 
where, D p is the diameter of particle drop. The viscosity of the slag was evaluated according to the method proposed by Iida et al.
12)
Heat transfer model of slag drop
Heat transfer analysis of a single particle was conducted after the molten slag was completely granulated. Three heat transfer mechanisms are taken into consideration according to the transport phenomena analysis of convection between the particle surface and air, radiation between wall and particle, and conduction inside the particle. The initial temperature of the particle is assumed as the slag temperature. The governing equations for the analysis follow the assumptions given below:
(1) The slag particle is spherical, and heat conduction occurs concentrically. (2) The volume change of the slag is negligible during phase transformation. (3) The temperature inside the slag is uniform, as an initial condition. The fundamental equation used for the heat transfer analysis of a single particle is given as below:
Boundary condition of particle,
Initial condition,
Heat transfer coefficient, h p , between the particle and the gas is calculated using the following equations:
Nu ¼ h p dp k g ð22Þ
The enthalpy is calculated according to the correlation between specific heat and temperature using the following equation:
where, T mp is melting temperature of solid and the value of is very small.
The fundamental eq. 18 was discretized using the control volume method proposed by Patankar 13) and repeated numerical analysis was computed based on an implicit scheme until convergence. This calculation is carried out using the heat transfer program based on these conditions, proposed by author as reported elswhere.
9)
Results and Discussion
Comparison with experimental data
To verify the model, the calculation was demonstrated to predict the particle diameter of the granulated slag. The properties used for numerical computation are listed in Table 1 . Figure 6 shows the slag particle diameter calculated based on the experimental conditions, using the abovementioned method as a function of rotating speed. Several empirical equations reported by Frazer et al., Friedman et al.,
and Oyama et al., were used to predict the drop diameter in this evaluation. These original equations were given with a non-SI unit and were usually compatible to predict the drop diameter of a flat disk. The dotted lines represent the calculated results obtained by the empirical equations, and the solid line represents the calculated result from the developed model. The figure clearly indicates that the diameter of the granulated slag decrease with increasing in rotating speed, especially at an initial over 20 s À1 . The plots show that the data calculated by the model matches well with the experimental data and is within the range of the predicted data that resulted from all the equations, except when the rotating speed is less than 16.6 s À1 . Therefore, rotating speed is one of the key operating parameters to control particle size. Regarding the experimental data, the deviation of the particle diameter at a lower rotating speed may be due to the fact that the shape of all the particles collected was not spherical and the distribution of particle size was very wide. The diameters of the granulated slag drops obtained at 16.6 s À1 vary from 0:5 Â 10 À2 to 5:0 Â 10 À2 m, where the big size of particles are dominant and the drops are not transparent. In contrast, the granulated slag drops obtained from experiment at 50 s À1 are uniformly spherical with a diameter of less than 1 mm. A very few amount of fine particles are collected, however, large and heavy particles were dominantly produced under this condition. It may cause the deviation between measured data and the calculated of drop diameter using the model.
Temperature distribution of a single particle
Heat transfer analyses of the granulated slag during cooling process, were carried out for a single particle. In this analysis, the temperature of the molten slag on the disk was assumed to be constant. Figure 7 shows the changes in the calculated temperature of a single particle with diameters of 0:7 Â 10 À2 and 2:5 Â 10 À2 m. The calculated result indicates that the maximum temperature difference between the center and at the surface of the particle was 122 K for a particle diameter of 2:5 Â 10 À2 m, in which the temperature calculated in the centre and at the surface were 1682 and 1560 K, respectively. The temperature inside the particle decreases from the center to the surface, indicating a slow cooling rate. It will be possible that the particle adheres to the collecting sheet, if it cools slowly. According to the experiment, the time required for the particle to drop onto the collector surface was approximately 0.5 s. The time required Fig. 6 Comparison between the measured and calculated drop diameters. for cooling the slag is longer than that for dropping. These phenomena suggest the possibility of adhering/sticking with the collector of slag and cause a low glass conversion ratio of granulated slag. The images show that the shape of particle that obtained from experiment at rotating speed under 16.6 s À1 is opaque, and not completely transparent. In other word, when the cooling rate was slow, the particle adhered and the particle shape would be distorted.
Vitrification of slag, to obtain a useful material for cement production, is strongly dependent on its cooling rate. Sakakibara 14) reported that the cooling rates of waterquenched slag vary with temperature as shown by the bold line in the Fig. 7 . It is clear that granulate slag produced using SDA have higher glassy properties than the water-quenched ones. The cooling rates of both 2:5 Â 10 À2 and 0:7 Â 10 À2 m granulated slag from SDA are high and lie within the range of the minimum of cooling rate that required for vitrification. In addition, the cooling rates for different diameters of particles produced by SDA are given in Fig. 8 . It is clear that, in a time period of less than one second, a particle with a diameter of 0:7 Â 10 À2 m has a higher cooling rate than that a particle with a diameter of 2:5 Â 10 À2 m. For the particle with diameter of 0:7 Â 10 À2 m, a difference between the temperatures at the surface and center of the particle was negligible. In the case of particle with diameter of 2:5 Â 10 À2 m, there is different cooling rate between the surface and center of particle. Generally, the cooling rate of particle with diameter of 2:5 Â 10 À2 m is low if compared to the particle with diameter of 0:7 Â 10 À2 m, especially in the initial range 0 to 1 s. As the model uses the radius of particle and the time as parameters, the large volume of heat and long distance from the center to the surface may cause the heat transfer is not as fast as for the small particle one.
According to the above results, the model developed in this works is capable to predict the drop diameter of slag produced by SDA. A comparison of the calculated data and experimental one 15) shows the validity of the model for predicting the drop diameter. The agreement is reasonably good, except for experimental condition below 16.6 s À1 of rotating speed. In addition, the calculation results of heat transfer analysis show the temperature distribution both of the surface and center particles. It verifies that rapid cooling converts the molten slag into glassy and more transparent particles as shown by comparing the images of the granulated slag with different size. The high cooling rate resulted in high glassy property of granulated slag. In the near future, the model could be used to optimize the granulation process using SDA by conducting numerical experiments, and to control the properties of the granulate slag by determining the cooling rate based on particle diameter.
Conclusions
A mathematical model has been successfully developed for molten slag granulation using a spinning disk atomizer. The model can be used for optimizing the granulation process using SDA from the viewpoints of drop size, glassification property of the product, and so on. The model was confirmed as being useful for predicting the phenomena of fluid flow on the disk and the drop property.
The developed model was verified by comparing the calculated result with the experimental data of drop diameter, both of which were found to be in reasonable good agreement. The advantage of this model is that it can also be used to predict the cooling rate and temperature distribution within the particle, which controls the slag properties, and can be applied to other slag from ferrous and non ferrous industries. (2002) and Japan Society for Promotion of Science (JSPS;16 P04150).
